A serotonergic pathway is apparently involved in parasite-host interactions. Previous studies conducted in our laboratory showed increased rates in oxygen consumption and alterations in body posture in the crab Hemigrapsus crenulatus parasitized by the acanthocephalan, Profilicollis antarcticus. Such changes may be related to the functions described for biogenic amines in crustaceans. During the infective stage the acanthocephalans live freely in the hemocelomic cavity, suggesting that the possible alteration induced by biogenic amines may be related to their neurohormonal function in crustaceans. To test whether the presence of P. antarcticus produced neurohormonal changes in its intermediate host, H. crenulatus, we analyzed serotonin and dopamine levels in the host using HPLC with electrochemical detection. Two groups of 11 female crabs were studied; one group was artificially inoculated with two cystacanths while the other was used as the control. Our results show a dramatic increase in hemolymph dopamine, but not serotonin in H. crenulatus parasitized by the acanthocephalan P. antarcticus. Our results, along with those reported by Maynard (1996), suggest a parasite-specific strategy involved in the behavior alteration caused by the acanthocephalans on their intermediate host. The use of a biogenic amine as a mechanism of interaction by the parasites gives them an endless number of alternative potential actions on their intermediate hosts.
INTRODUCTION
Parasites with complex life cycles involving several hosts are faced with problems of how to spread from one host to the next. The ability of parasites to induce alterations in their intermediate hosts has frequently been related to a type of adaptive strategy that would allow them to complete their life cycles (Holmes and Bethel, 1972; Camp and Huizinga, 1979; Dobson, 1988; Combes, 1991; Haye and Ojeda, 1998) . Questions regarding the mechanisms through which the infected intermediate hosts change their behavior have received little attention in the literature. Most of the existent studies have focused on quantifying the morphological and behavioral changes induced by parasites (Thompson and Kavaliers, 1994; Lafferty and Morris, 1996) . These alterations have been attributed to a direct mechanical effect at the site of infection (Moore, 1984b; Poulin, 1995) and/or active interference in host neuroendocrine signaling systems (Adamo and Shoemaker, 2000; Overli et al., 2001; Adamo, 2002; Helluy and Thomas, 2003) .
In crustaceans, several studies have reported changes in biogenic amino levels in individuals infected with Acanthocephalan (cystacanth) and Platyhelminthes (metacercaria) larvae (Helluy and Holmes, 1990; Maynard et al., 1996; Adamo, 2002; Helluy and Thomas 2003) . Both kinds of parasites use different strategies of infection; Platyhelminth larvae encyst into the nervous system, causing physical harm to their victim. The cystacanth lives freely in the host's hemocoel without ever coming into contact with the host's central nervous system (CNS) (Maynard et al., 1996; Overli et al., 2001) . Therefore, it has been suggested that any interference of an acanthocephalan on the neuroendocrine system of an intermediate host may be under biochemical control.
Uninfected gammarids with serotonin and octopamine injected into the hemocoel show similar body attitudes to crustaceans (i.e. Gammarus lacustris) infected by the acanthocephalan, Polymorphus paradoxus (Helluy and Holmes, 1990) . In the same host-parasite system, Maynard et al. (1996) showed an increase in serotonin-like immunoreactivity in the CNS of infected gammarids, suggesting either a greater number of varicosities (potential release sites) or an increase in the amount of stored serotonin. As a consequence, researchers have suggested the existence of a chemical interaction associated with a serotonergic pathway between infected individuals and this type of parasite (Helluy and Holmes, 1990; Maynard et al., 1996) .
Monoamines dopamine (DA), serotonin (5-HT) and octopamine are recognized as important substances in modulating behavior in vertebrates and invertebrates (e.g. neurotransmitters, neuromodulators and neurohormones). These substances perform specific roles in synaptic transmissions and induce changes in the electrical activity of neurons. At the molecular level, their activities include modulation of ion channels, protein synthesis, and enzyme activity, etc. (Livingstone et al., 1980; Walker et al., 1996; Libersat and Pflueger, 2004) . It is generally believed that the release of specific neuromodulators activates specific neuronal circuits that underlie particular behaviors, therefore it has been suggested that behavior per se is the result of a coordinated action of monoamines, as in Sombati and Hoyle's "Orchestration behavior hypothesis" (1984) , (see also Livingstone et al., 1980; Kravitz, 1988; Flamm and Harris-Warrick, 1986; Rajashekhar and Wilkens, 1991; Sneddon et al., 2000; Libersat and Pflueger, 2004; Huber 2005) .
The most commonly reported consequences of parasites during their infective stage in intermediate hosts are changes in response to external stimuli due to neurological damage, increased conspicuity resulting from modified pigmentation and/or behavior, and castration (Camp and Huizinga, 1979; Oetinger and Nichol, 1982; Moore, 1984a; Moore and Gotelli, 1992; Moore et al., 1994; Poulin, 1995; Bakker et al., 1997; Seppälä et al., 2004) . Specific behavioral alterations include changes in activity, photoreaction, escape behavior, substrate color choice and vertical distribution (Moore, 1984a,b; Poulin, 1994) . The display of any of these behaviors implies a coordinated action of the motor and physiological systems of the host, where the actions of different monoamine pathways are implicit. It is therefore unlikely that only one biochemical pathway (e.g. serotonin) is involved in the host-parasite interaction.
The acanthocephalan, Profilicollis antarcticus, uses the estuarine crab Hemigrapsus crenulatus as its intermediate host, and the gull, Larus dominicanus as its definitive host. Previous studies conducted in our laboratory showed that crabs infected with cystacanths exhibited higher metabolic rates and activity levels than non-parasitized crabs (Haye and Ojeda, 1998) . In decapods, studies of neurohormonal control of behavior have shown that the level of aggressiveness in individuals is related to concentrations of circulating dopamine (Sneddon et al., 2000) . Furthermore, the control of heartbeat frequency and strength are fundamentally associated with the action of the serotoninergic pathway, while the maintenance and rhythm of ventilatory patterns are controlled by a dopaminergic pathway (Rajashekhar and Wilkens, 1991; Ayali et al., 1998; Harris-Warrick et al., 1998) . As a consequence of the complexity of these pathways, the above-mentioned interaction between a host and its parasite could be linked with any one or more aminergic pathways.
The primary goal of this study was to determine whether the presence of cystacanths of the acanthocephalan Profilicollis antarcticus could cause alterations in the levels of hemolymph serotonin and/or dopamine in its intermediate host, the crab Hemigrapsus crenulatus. With this objective in mind we evaluated the levels of serotonin and dopamine circulating into the hemolymph following the standard methodology for catecolaminas determination by high pressure liquid chromatograph (HPLC).
MATERIALS AND METHODS

Crustacean host
Crabs were manually collected from the Lenga Estuary (36° 45' S, 73° 10' W) in 1995 and transported to the laboratory at the Universidad de la Santísima Concepción. This estuary is located within the nature reserve in Hualpén Peninsula, in the VIII Region of south-central Chile. Given that it is not possible to distinguish between infected and uninfected crabs, one group of randomly assigned individuals were artificially inoculated with cystacanths. The inoculation was carried out by lifting the posterior region of the cephalothorax and depositing two cystacanths into the hemocoel cavity using tweezers. The cystacanths were previously extracted from the dorsal part of the hemocoel cavity of live crabs. The second group of experimental crabs was used as a procedural control. Following inoculation and prior to experiments, both treatment groups were acclimatized in aerated aquariums for 35 days at 16.5°C, with a salinity of 20 ppm (typical of the estuary), and a 12: 12 light dark cycle.
Hemolymph sample collection
Hemolymph samples (100 to 300 µl) were collected from live crabs at room temperature using a tuberculin syringe. The syringe was inserted through the gap in the posterior region of the exoskeleton into the hemocoel cavity, where the hemolymph was collected. These samples were placed in eppendorf tubes and frozen at -40°C until the assays were performed. The tubes were centrifuged at 200 xg for 10 minutes to obtain samples free of tissue and cellular residues.
Estimation of serotonin and dopamine levels
Circulating levels of Serotonin and dopamine were measured by high-pressure liquid chromatography with electrochemical detection, as described by Kumar et al. (1990) . From the previously centrifuged samples, one 100-microliter aliquot of supernatant from each individual was transferred to microcentrifuge tubes containing 20 µl of 3.4 M perchloric acid (HClO 4 ). These samples were mechanically homogenized for 30 to 40 sec using a motor driven homogenizer equipped with a Teflon pestle. Next, the samples were left to rest for 10 min at 4ºC, and then centrifuged at 9000 xg for 10 min. The supernatant was diluted with mobile phase, and biogenic amine quantification was carried out by injecting 20 µl from each sample of crab hemolymph into a chromatograph coupled to an electrochemical detector. The mobile phase contained 0.1 M acetonitrile, 0.8 mM EDTA and 10% methanol at pH 4.6.
Serotonin and dopamine standards (grade HPLC, Sigma Chemical Co.) were used to calibrate the system. The standards were prepared in 0.4 M HClO 4 and 0.4 mM sodium metabisulphite (Na 2 S 2 O 5 ). The HPLC system consisted of a Waters 501 pump with a Waters U6K injector (Waters Associates, Milford, MA), a Beckman C18 column (5 µm particle diameter, 4.6 mm x 25 cm), and a model LC 1260 electrochemical detector (ICI Instruments, Australia ). The applied chromatography conditions were a flow rate of 1.0 ml / min, working potential + 700 mvolt v/s electrode Ag/AgCl for 5-HT and DA at ambient temperature. Under these experimental conditions, the retention times were 6.5 ± 0.3 min for serotonin and 3.9 ± 0.2 min for dopamine.
Standards and samples were injected alternately for identification and quantification analysis. The identification of each peak was achieved by comparing retention times and spiking. Biogenic amine contents were determined by comparing peak areas with known external standards.
Parasite load
Given that parasites live freely within the hemocoel cavity, it was not possible to determine the presence of cystacanths prior to artificial inoculation. Therefore, after the samples were obtained, crabs were dissected under a stereomicroscope to determine the presence and number of parasites in the infected crab group (n=11) and control group (n=11). The experimental groups confirmed upon completion of this procedure. Only female crabs were used because of the low number of male crabs captured.
Data analysis
The results are expressed as mean ± standard error. A non-parametric MannWhitney U test was used to determine whether there were significant differences (at the 5% level) between treatments (Siegel and Castellan, 1988).
RESULTS
HPLC procedure was used to determine circulating levels of serotonin and dopamine in the hemolymph. Crabs that were artificially infected with cystacanths showed significantly greater mass specific dopamine levels than control individuals (n=11 for both groups; Table I ). Serotonin was not detected in either of the treatment groups. No significant differences in body mass were found between the two groups ( Table I ). The same number of parasites were found within individuals of the infected group (n=2).
DISCUSSION
Our results indicate an increase in the levels of circulating dopamine in individuals of Hemigrapsus crenulatus parasitized by the acanthocephalan, Profilicollis antarcticus. Based on the functions described for dopamine (Kravitz, et al., 1980; Miller et al., 1984; Beltz and Kravitz, 1986; Flamm and Harris-Warrick, 1986; Haye and Ojeda, 1998; Rajashekhar and Wilkens, 1991) altered respiratory frequencies and body postures could be a consequence of the significantly higher levels of circulating dopamine in parasitized crabs. Our results suggest a dopaminergic pathway involved in the mechanism that induces alterations in the intermediate host of the parasite P. antarcticus.
Unfortunately, the literature is surprisingly deficient in basic data or absolute concentration values of circulating monoamines in invertebrates that would be useful for assessing the veracity and accuracy of our results. Estimations made with HPLC ED (electrochemical detection) indicate the absence of circulating dopamine and the predominance of octopamine (2.2 ng /ml) in the crayfish Pacifastacus lenusculus (Elofsson et al., 1982) . Furthermore, in a euryhaline crab (Eriocheir sinensis) dopamine concentrations were 0.0022 pg/ml 0.0017, with a maximum increase of 460% under conditions of ionic stress (Péquéux et al., 2002) . In contrast, the crab Carcinus means presented appreciably lower circulating dopamine concentrations of 0.0008 to 0.0015 g/ml (Sneddon et al., 2000) . In addition, circulating monoamine concentrations may present high variability with an extreme example occurring in the hemolymph of the silkworm, Bombyx mori, where different authors have registered very dissimilar magnitudes of dopamine for similar ontogenic stages (6.5 x10 -5 to 5.8 x10 -4 g/ml, Noguchi and Hayakawa, 2001; 0.0161 ± 0.0018 g/ml to 0.436 ± 0.30 g/ml, Takeda et al., 1991).
It was not possible to distinguish the biochemical origin of changes in the levels of circulating dopamine from this study. Moreover, the presence of enzymes acting in the metabolic pathway of dopamine, which has been documented in the hemolymph of insects, indicates that the dopamine metabolic pathway is present within the hemolymph itself (Takeda et al., 1991) . Therefore, the free-living condition of cystacanths in the hemocoelomic cavity of the intermediate host may be interpreted as the most direct way of altering the dopamine metabolic pathway. The alteration of dopamine levels in the hemolymph system implies that there is a generalized effect of the parasite on the body of its intermediate host, rather than an effect at the nerve ganglion level. Thus, the observed increase in activity and metabolic rate for this host-parasite system (Haye and Ojeda, 1998) could be a consequence of the higher metabolic costs of maintenance for the host, linked to the synthesis of monoamines and/or the physiological consequences of their bio-availability. This altered physiological condition is beneficial for the parasites, considering that their final goal is to increase transmission by increasing the probability of predation on its intermediate the host (the crab) by its definitive host (the gull).
The absence of circulating serotonin in both inoculated and control crabs is consistent with what has been observed in several invertebrate species (Takeda et al., 1991; Awad et al., 1997) . In behavioral terms, the circulating levels of serotonin and some complex interactions with other amines, such as dopamine and octopamine, have usually been associated with dominance behavior in male shore crabs (Kravitz, 2000; Sneddon et al., 2000) . These observations are coherent with the reduction in the individual's competitive ability for females, which has been described for male crabs infected by acanthocephalan parasites (Howard and Minchella, 1990; Read, 1990; Bollache et al., 2001) . On other hand, in females castration is recognized as one of the principal consequences of infection by acanthocephalan parasites (Moore, 1984b) . Latham and Poulin (2002) , working with the same parasite-host system described here, showed the lack of a parasite effect on female fecundity and increased mortality in larger crabs due to an apparent active manipulation by the parasite. Both of these consequences of parasitism involve an increase in the conspicuousness of the host. However, the lack of knowledge of the origin of the castration by the acanthocephalan parasite prevents us from engaging in a more profound discussion of the implications of our results on the parasite-host relationship. The complex and broad range of actions by monoamines only increases the challenge for investigators attempting to discover more about the mechanisms of interaction between parasites and hosts.
Our results, along with those reported by Helluy and Holmes (1990) and Maynard et al. (1996) allow us to consider specific amine interactions between parasites and their host. The presence of biogenic amines in the mechanism through which acanthocephalan parasites produce behavioral alterations could indicate an endless number of alternative potential actions on the hosts, given the extensive range of action of this substance on the physiology of crustaceans (Florey and Rathmayer, 1978; Livingstone et al., 1980; Miller et al., 1984; Beltz and Kravitz, 1986; Flamm and Harris-Warrick, 1986; Kravitz, 1988; Paztor and Macmillan, 1990; Rajashekhar and Wilkens, 1991; Fingerman, 1997) . Thus, this substance may be responsible for the divergent behavioral changes observed in closely related species (Moore and Gottelli, 1996 (Baer, 1967; Moore, 1984b) . Given the widespread ability of acanthocephalans to produce similar behavioral alterations in a variety of intermediate hosts, Moore (1984a) hypothesized that this ability of behavioral alteration was present in the common ancestor of acanthocephalans. It can be said that the four genera of acanthocephalans common to both marine and freshwater teleosts have a very generalized type of anatomy and are in no way specialized (Baer, 1967) . Based on the above and given the fact that the biochemical traits of organisms are highly conserved (Futuyma, 1979) , it is not surprising to find that the mechanism through which the parasites alter the behavior of the intermediate host is also a highly conserved biochemical process.
